Background: Sexual dimorphism in placental size and function has been described. Whether this influences the clinically important umbilical artery (UA) waveform remains controversial, although a few cross-sectional studies have shown sex differences in UA pulsatility index (PI). Therefore, we tested whether fetal sex influences the UA Doppler indices during the entire second half of pregnancy and aimed to establish sex-specific reference ranges for UA Doppler indices if needed. Methods: Our main objective was to investigate gestational age-associated changes in UA Doppler indices during the second half of pregnancy and compare the values between male and female fetuses. This was a prospective longitudinal study in women with singleton low-risk pregnancies during 19-40 weeks of gestation. UA Doppler indices were serially obtained at a 4-weekly interval from a free loop of the umbilical cord using color-directed pulsed-wave Doppler ultrasonography. Sex-specific reference intervals were calculated for the fetal heart rate (HR), UA PI, resistance index (RI), and systolic/diastolic ratio (S/D) using multilevel modeling. Results: Complete data from 294 pregnancies (a total of 1261 observations from 152 male and 142 female fetuses) were available for statistical analysis, and sex-specific reference ranges for the UA Doppler indices and fetal HR were established for the last half of pregnancy. UA Doppler indices were significantly associated with gestational age (P < 0.0001) and fetal HR (P < 0.0001). Female fetuses had 2-8% higher values for UA Doppler indices than male fetuses during gestational weeks 20 +0 -36 +6 (P < 0.05), but not later. Female fetuses had higher HR from gestational week 26 +0 until term (P < 0.05).
Background
The importance of conducting longitudinal studies and analyzing data accounting for biological differences related to sex has been highlighted a decade ago [1] . Previous studies have shown sex-specific differences in fetal development regarding growth and adaption to intrauterine environment [2] . Male sex is an independent risk factor for unfavorable perinatal outcomes including fetal distress during labor [3, 4] , premature birth [5, 6] , adverse neonatal outcome [7] , and early neonatal death [2] . This has been referred to as "the male disadvantage" [8] and the female neonatal survival advantage is well recognized [9] . However, the total mortality from conception to birth is greater among female fetuses [10] . The human placenta demonstrates sex-related differences at both structural and functional levels [11, 12] . Both birth weight and placental weight [13] are higher for males compared with females. Sexual dimorphism in the regulation and expression of genes, and signaling pathways [14] [15] [16] [17] , generate differences in placental function and intrauterine environment that may lead to sex differences in health status later in life [12, 18] .
Antenatal growth charts show significant differences in biometrics between male and female fetuses [19] . When using two-dimensional ultrasonography to assess fetal growth, these sex-specific growth charts perform better in identifying small for gestational age (SGA) fetuses [20] at increased risk of fetal demise [21] .
Umbilical artery (UA) Doppler indices, i.e., pulsatility index (PI), resistance index (RI), and systolic/diastolic ratio (S/D) calculated from blood flow velocities, are used as an important clinical tool for evaluating fetal wellbeing in high-risk pregnancies and to predict outcome of growth restricted fetuses [22] . Their use in high-risk pregnancies has the potential to reduce obstetric interventions and perinatal deaths [23] . The increased UA PI is a marker of raised placental vascular impedance associated with microvascular lesions [24] and correspondingly reduced placental function. Longitudinal reference ranges for UA Doppler indices calculated from both cross-sectional and serial measurements have previously been published [25, 26] . However, these studies do not take into account possible sex differences.
Doppler ultrasonographic studies exploring fetal sex differences in the ductus venosus during the first trimester have shown antagonistic results [27] [28] [29] . Another study performed just prior to active labor, in term pregnancies, demonstrated no differences in UA PI, but statistically significant lower values for the middle cerebral artery (MCA) PI, MCA peak systolic velocity (PSV) and normalized umbilical venous blood flow (Q uv) in male compared with female fetuses [30] , but these differences did not translate into differences in perinatal outcome. One recent study of the feto-placental circulation and cardiac function during 28-34 gestational weeks showed higher preload and lower afterload (significantly lower UA PI) in male fetuses [31] . In a cross-sectional study investigating maternal hemodynamics and placental circulation, we recently demonstrated significantly lower UA PI in male compared with that in female fetuses at 22 +0 -24 +0 weeks of gestation [32] . Based on such observations, the main objective of our present study was to assess the effect of fetal sex on UA Doppler indices during the entire second half of pregnancy and correspondingly establish sex-specific longitudinal reference ranges for clinical use.
Methods
In this study, we used data from a total of 306 healthy pregnant women with uncomplicated singleton pregnancy participating in three prospective longitudinal observational studies that included investigation of fetoplacental hemodynamics. The women, all > 18 years old, were recruited at the time of routine ultrasound screening at 17-20 weeks of gestation at the University Hospital of North Norway. The gestational age was based on the biometry of fetal head performed during this scan. Women with singleton pregnancy with no history of any systemic diseases that may affect the course and outcome of pregnancy were included. A history of preeclampsia, intrauterine growth retardation (IUGR), gestational diabetes or preterm labor before 34 weeks in previous pregnancy, multiple pregnancy, maternal smoking, or presence of any chromosomal or major structural fetal anomaly in the current pregnancy were reasons for exclusion. The study protocols were approved by the Re- For Doppler ultrasonography, an Acuson Sequoia 512 ultrasound system with a 6-MHz curvilinear transducer (Mountain View, CA, USA) or a Vivid 7 Dimension ultrasound system equipped with a 4MS sector transducer with frequencies of 1.5-4.3 MHz (GE Vingmed Ultrasound AS, Horten, Norway) was used. Four experienced clinicians performed the examinations at approximately 4-weekly intervals. In two of the studies all measurements were performed by two single operators, and in the third study three different operators did the examinations. The sex of the fetus was neither acknowledged nor recorded prenatally during ultrasonography. Each participant was examined 3-6 times by the same clinician, starting from 19 to 22 gestational weeks until delivery. The estimated fetal weight (EFW) was computed at each visit from measurements of the biparietal diameter (BPD), abdominal circumference (AC), and femur length (FL) based on the Hadlock 2 formula [33] . Blood flow velocity waveforms of the UA were obtained from the free-floating loop of the umbilical cord using pulsed-wave Doppler optimizing the insonation with simultaneous use of color Doppler. The angle of insonation was always kept < 15 degrees, and angle correction was used if the angle was not zero. To ensure Doppler recording of the spatial maximum blood velocity, an expanded sample gate of 5-12 mm was used depending on gestational age. The high-pass filter was set at low. The blood flow velocities (i.e., PSV, end-diastolic velocity (EDV), and time-averaged maximum velocity (TAMXV)) , and fetal heart rate (HR) were measured online using the maximum velocity envelope recorded over the cardiac cycle. An average of three consecutive cycles were used for analysis. The ALARA (as low as reasonably achievable) principle [34] was employed. At all times during the ultrasonographic examination the mechanical and thermal indices were kept below 1.9 and 1.5, respectively. We recorded the UA blood flow successfully in 1243 out of 1261 (98.57%) observations. The UA Doppler indices were calculated from the recorded velocities as follows: PI = (PSV -EDV)/TAMXV [35] , RI = (PSV -EDV)/PSV [36] , and S/D ratio = PSV/EDV [37] .
The reproducibility of the Doppler parameters studied, expressed by the intra-observer coefficient of variation (CV) and the inter-observer CV, has previously been assessed and reported [26, 38, 39] .
All women had a regular antenatal follow-up according to local guidelines. Following delivery, the course and outcome of pregnancy, including any maternal or fetal complications, gestation at delivery, mode of delivery, birth weight, placental weight, neonatal sex, Apgar scores, umbilical cord blood acid-base status, and neonatal outcome was obtained from the electronic medical records. On the second day post-partum, a pediatrician routinely examined all neonates prior to discharge.
Statistical Analysis Software version 9.3 (SAS institute Inc., Cary, NC, USA) was used for statistical analysis. Logarithmic or power transformations were performed on all numerical variables that were not normally distributed, in order to best meet the criteria of normal distribution. The best transformation for each variable was determined using the Box-Cox regression. Fractional polynominals were used to achieve best-fitting curves in relation to gestational age for each variable, accommodating for nonlinear associations. We used multilevel modeling to construct gestational age-specific reference percentiles from each fitted model according to Royston and Altman [40] . The comparison between groups was done using independent samples t test for continuous variables, while the chi-square test was used for categorical variables. The comparison of UA Doppler indices between male and female fetuses was performed for each gestational week after having checked and adjusted for possible confounding factors (fetal HR, EFW, and placental weight) by including a cross-product term between sex and gestational age in the aforementioned multilevel models. The level of statistical significance was set at a two-tailed p value of < 0.05.
Results
From a total study population of 306 women, 12 were excluded because they had < 3 observations, leaving complete data from 294 pregnancies available for statistical analysis. There were 152 male and 142 female fetuses. The baseline characteristics of the study population, including pregnancy and neonatal outcomes, are presented in Table 1 . We observed no statistically significant differences between the two groups in any of the listed baseline variables.
There were 650 and 611 observations for male and female fetuses, respectively. The UA Doppler indices (PI, RI, and S/D ratio) and the fetal HR were significantly associated with gestational age (P < 0.0001), and there was also an association between UA Doppler indices and fetal HR (P < 0.0001). We found no sex differences in EFW at any gestational week, and there was no confounding effect of EFW on UA Doppler indices.
Sex-specific reference curves for the UA Doppler indices and the fetal HR for gestational weeks 20-40 are presented in Figs. 1 and 2. The reference values with their respective 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles are presented in Tables 2, 3 , 4, 5, 6, 7, 8, and 9. The corresponding gestational age-related sex differences in the mean values for UA PI, RI, and S/D ratio, all adjusted for fetal HR, are displayed in Fig. 3 , along with the gestational age-specific mean fetal HR for male and female fetuses during the second half of pregnancy.
The results for the gestational age-specific sex differences for fetal HR and, for the adjusted UA Doppler Fig. 1 Umbilical artery pulsatility index and resistance index. Sex-specific reference ranges for umbilical artery (UA) pulsatility index and resistance index (left male, right female). The solid line represents the mean, and the interrupted lines represent 2.5th, 5th, 95th, and 97.5th percentiles Fig. 2 Umbilical artery systolic/diastolic ratio and heart rate. Sex-specific reference ranges for umbilical artery (UA) systolic/diastolic ratio and fetal heart rate (left male, right female). The solid line represents the mean, and the interrupted lines represent 2.5th, 5th, 95th, and 97.5th percentiles Sex-specific reference values of the umbilical artery pulsatility index (UA PI) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the second half of pregnancy (female fetuses) Sex-specific reference values of the umbilical artery systolic/diastolic (UA S/D) ratio for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the second half of pregnancy (male fetuses) Sex-specific reference values of the fetal heart rate (HR) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the second half of pregnancy (male fetuses) Table 9 Fetal heart rate (female), beats per minute Gestation (week) 2.5th percentile 5th percentile 10th percentile 25th percentile Mean 75th percentile 90th percentile 95th percentile 97.5th percentile   20  131  134  137  142  147  153  158  161  164   21  131  133  136  141  146  152  157  160  163   22  130  132  135  140  146  151  156  159  162   23  129  132  134  139  145  151  156  159  161   24  128  131  134  139  144  150  155  158  161   25  127  130  133  138  144  150  155  158  161   26  127  129  132  138  143  149  154  157  160   27  126  129  132  137  143  149  154  157  160   28  125  128  131  136  142  148  154  157  160   29  125  127  131  136  142  148  153  156  159   30  124  127  130  135  141  147  153  156  159   31  124  126  130  135  141  147  153  156  159   32  123  126  129  135  141  147  152  156  159   33  123  125  129  134  140  147  152  156  159   34  122  125  128  134  140  146  152  156  159   35  122  124  128  133  140  146  152  155  158   36  121  124  127  133  139  146  152  155  158   37  121  124  127  133  139  146  152  155  158   38  120  123  127  132  139  145  151  155  158   39  120  123  126  132  139  145  151  155  158   40  120  123  126  132  138  145  151  155  158 Sex-specific reference values of the fetal heart rate (HR) for the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th percentiles during the second half of pregnancy (female fetuses)
indices, are shown in Table 10 . We found significant differences in UA PI, RI, S/D ratio, and HR between male and female fetuses. Female fetuses had significantly higher values for UA PI (range 2.1-4.2%), RI (range 1.7-3.3%), and S/D ratio (range 4.0-8.1%) from 20 +0 weeks to 32 +6 and 36 +6 and 35 +6 weeks, respectively, but equalized towards term (40 weeks of gestation). For fetal HR, the mean values were similar between male and female fetuses from 20 +0 to 25 +6 weeks, but a divergent trend was observed thereafter with the female fetuses showing higher HR (range 0.7-2.2%) compared with male fetuses.
Discussion
The present longitudinal study has demonstrated significant sex differences in UA Doppler indices, female fetuses having significantly more pulsatile waveform than male fetuses during gestational weeks 20 +0 -36 +6 but not thereafter. The magnitude of effect ranged between 2.1 and 4.2% for the UA PI. Correspondingly, the study provided sex-specific reference ranges for 20-40 weeks' gestation for the most commonly used indices. As for the fetal HR, the pattern was different; male and female fetuses had similar HR from 20 +0 to 25 +6 weeks, but thereafter, the female fetuses had significantly higher HR.
The strength of the study is its longitudinal design and a relatively large sample size (650 observations for male and 611 for female fetuses) providing sufficient power to discover significant sex differences and to construct robust sex-specific reference ranges. The prospective longitudinal design with serial measurements at reasonably spaced intervals during pregnancy is preferable to a cross-sectional design for constructing reference intervals since it better reflects the development during gestation and, in our case, improves the precision of individual participants' observations. The limitations of our study are related to technical issues concerning UA Doppler velocimetry, and the data being collected from three separate studies, with different operators. However, all the measurements were obtained at a free loop of umbilical cord, under fetal quiescence, keeping the angle of insonation as low as possible (always < 15°). The intra-observer CV for UA PI, RI, and S/D ratio were 10. 5, 6.8, and 13.0%, respectively [26] .
This study confirms the findings of previous crosssectional studies that report sex differences in UA Doppler indices during the second and third trimester of pregnancy [31, 32] and that these differences tapered off towards term [30] . However, we were not able to establish at what time in gestation these differences emerged. Fig. 3 Sex differences in fetal heart rate and umbilical artery Doppler indices adjusted for fetal heart rate. Gestational age-related sex differences in the mean values for umbilical artery (UA) pulsatility index (top left), resistance index (top right), systolic/diastolic ratio (bottom left), all adjusted for fetal heart rate, and fetal heart rate (bottom right) during the second half of pregnancy. The red line represents female, and the blue line represents male. The shaded area indicates significant differences (P < 0.05) It would have been desirable to have serial measurements starting from early pregnancy.
Our findings add weight to the recognition of sex differences in fetal development and adaption to the intrauterine environment. The male disadvantage in perinatal outcome when it comes to fetal distress during labor [3, 4] , premature birth [5, 6] , adverse neonatal outcome [7] , and early neonatal death [2] is well documented. It is also well documented that there are significant sex differences in growth of estimated fetal weight [19] , birth weight, and placental weight [13] , and male and female fetuses have significant differences in growth patterns of individual biometric measurements [41] . Such differences in growth dynamics corroborate the findings of Orzack et al. [10] who found that the unbiased male/female ratio at conception had increased at birth due to a higher female mortality during pregnancy. However, male and female mortality during pregnancy had temporal differences causing undulations in the sex ratio. These findings constitute a plethora of details in which our circulatory results add another piece of evidence to sex differentiation being reflected in all organ systems.
With this background, our finding that there was no significant effect of fetal sex on fetal growth (i.e., EFW) is unexpected, as a recent multinational study showed that fetal sex had an effect of 3.5-4.5% on EFW [42] . However, that study had a considerably higher power than our present study. One can therefore speculate that the present finding of no sex effect on fetal weight could be due to chance, or, as shown in the recent WHO study, due to variations in growth patterns. However, the negligible (10 g) difference in birth weight we observed between the sexes (3593 vs. 3603 g) corroborates our intrauterine growth estimates and ensures that the effect on the Doppler indices was due to sex differences. The issue is important because a difference in size could possibly have explained some of the results. It is interesting, however, that a previous study found "no meaningful correlation between fetal weight and impedance indices" [43] .
Mechanisms associated with potential male susceptibility are difficult to underpin. Male fetuses appear to prioritize growth to a greater extent than females and continue to grow in spite of unfavorable intrauterine environment [14] . This may put them at higher risk due to lack of reserve. A higher UA PI, as we have observed in females, could result in a reduction in fetal growth velocity and thereby reduce the risk of adverse outcomes. The mechanisms behind the observed differences in UA Doppler indices are not clear. Slightly higher UA Doppler indices cannot be equated to reduced placental function, and these differences were less pronounced close to term. However, it has been shown that male fetuses born at 24-28 weeks of gestation have more peripheral vasodilatation compared to female fetuses [44] . Furthermore, pregnant women carrying male fetuses are reported to have higher angiotensin (Ang) 1-7 to Ang II ratio in the second trimester [45] . As Ang II is a potent vasoconstrictor and Ang 1-7 is a known vasodilator, relative vasodilatation of placental vessels could be responsible for lower UA PI, RI, and S/D ratio observed in male fetuses.
UA Doppler indices, a surrogate for placental impedance [46] , have proved valuable in assessing fetal wellbeing and have the potential to save lives [23] . However, these relations are not consistent [47] , as shown in sheep experiments [48, 49] . Although PI increases when embolization causes reduction in vascular cross-section, comparable reduction in vascular cross-section due to angiotensin II did not increase the PI and could even decrease the PI while vascular resistance increased. The reason for this may be a difference in vessel geometry that could impact the wave reflection, a major modifier of the arterial waveform [50, The results for the gestational age-specific sex differences in mean values for fetal heart rate (HR) and for the adjusted umbilical artery (UA) Doppler indices, organized by gestational week UA umbilical artery, PI pulsatility index, RI resistance index, S/D ratio systolic/ diastolic ratio, HR heart rate a Adjusted for fetal heart rate b Overall level of significance for sex differences during 20-40 weeks of gestation 51]. Thus, the exact mechanism behind the sex difference in the UA pulsatility is not certain. Another significant finding in the present study was the relatively higher HR in female compared with male fetuses after 26 + 0 weeks of gestation, a difference that increased with gestational age (Fig. 3) . Higher HR among female fetuses has also been reported previously by others [31, 52] . A plausible cause for having different heart rates in male and female fetuses is differences in hormone levels and rate of maturation of their autonomic nervous system. Higher heart rate variability [53] , more complex heart rate patterns [54] , and higher catecholamine levels observed in female compared to male fetuses could explain these differences.
In fetal sheep experiments, Morrow et al. demonstrated a significant inverse correlation between the UA Doppler indices (PI, RI, and S/D ratio) and HR [51] . When the HR increased, the UA Doppler indices decreased. We found both higher HR and UA PI, RI, and S/D ratio in female fetuses compared to males, but while the sex differences in HR increased as the pregnancy advanced, the sex differences in the Doppler indices decreased and ceased to exist by term. When we adjusted the gestational age-related sex differences in the mean values for UA PI, RI, and S/D ratio for the fetal HR, the effect size actually increased, i.e., the sexual dimorphism in the UA Doppler indices became more prominent.
Several studies have shown a male preponderance when abnormal UA Doppler waveform is used as a marker of placental dysfunction in pregnancies with IUGR [55, 56] . Increased UA PI correlates with reduced feto-placental perfusion [57] and the degree of microvascular lesions in the placenta [24] . Use of sex-specific reference intervals of UA Doppler indices could potentially improve the identification of pregnancies with placental dysfunction.
Conclusions
We have demonstrated gestational age-dependent sex differences in UA Doppler indices during the second half of physiological pregnancies and therefore established sex-specific reference ranges. Although the sex difference is modest (2-8%), we believe such references are useful for refining prediction and monitoring of risk pregnancies at a time when such parameters easily are added into software applications increasingly used in clinical practice, particularly since individualized diagnostics and management is an issue. 
